Introduction 52
Small glaciers and ice caps account for ~ 14% of the terrestrial ice in the Arctic, and 53 research has highlighted broadly persistent, negative mass balances of these ice masses in 54 recent decades (Arendt et catchments in response to projected climate forcing. Nonetheless, significant issues remain in 62 terms the spatial and temporal resolution and transferability of melt models for indicating 63 both contemporary and future runoff volumes. There is still a need to trial models to discern 64 which elements, if any, within more sophisticated schemes are beneficial to model output 65 precision (Hock, 2005) . 66
The amount of surface melting of snow or glacier ice during the ablation season is 67 controlled by the energy fluxes, which are specific to local climatic and surface conditions. 68 Thorough reviews of the surface energy balance can be found in Greuell and Genthon (2004) considerable uncertainties involved in using EBMs due to their dependence on spatially and 76 temporally variable factors such as cloud cover, albedo, wind speed and surface 77 characteristics, which change with location, time and climate. The performance and accuracy 78 of EBMs predictably decreases as the variability of the surface energy-balance increases 79 through an ablation season (Kane et al., 1997) . The result of this uncertainty is that physical 80 verification of the parameterisations used is not readily achieved, making it impossible to 81 transfer EBMs from glacier to glacier without re-parameterisation which requires extensive, 82 high resolution meteorological data and detailed information characterising of conditions at 83 the melting surface, as highlighted in MacDougall & Flowers (2011) . 84
As a result of the potentially problematic use of EBMs, alternative empirically based 85 'index' methods have been employed because snow and/or ice ablation is moderately well 86 correlated to air temperature, a relationship long recognised (e.g. Finsterwalder and Schunk, 87 1887; Martinec, 1960) . According to Ohmura (2001) , the physical justification behind the 88 temperature-index approach is that up to 75% of the energy available for ice melt may be 89 derived from incoming longwave radiation and sensible heat. Consequently, temperature-90 index melt models (TIMs), with varied degrees of enhancement (e.g. Hock Schneeberger et al., 2003) . Although Hock (2003) argued 94 that TIMs yield lower accuracy over higher temporal resolution, these simplified models may 95 hold advantages both in terms of parameterisation and potential transferability (e.g. Carenzo 96 et al., 2009). Therefore, using high resolution data sets, we extend, test and explore the use of 97 a novel, yet distributed, temperature-index melt model at Midtre Lovénbreen, a valley glacier 98 in Svalbard, to simulate seasonal glacier ablation and runoff. Specifically, model 99 enhancements suitable for the study site are applied and their benefits for modelling ice 100 ablation are assessed with comparison between models of varied complexity, over differing 101 spatial resolution and at-a-point energy balance calculations. 102 2 Field site and data collection 103
Field site 104
Midtre Lovénbreen (hereafter, ML), located in the north-west of Spitsbergen 105 (78°50'N 12°E; Figure 1 ), is one of the most studied glaciers in the High-Arctic. Local mean 106 annual temperatures and precipitation at sea-level reach -6.2°C and ~370 mm respectively 107 (Hanssen-Bauer et al., 1990). The glacier occupies 49.5% of a 10.8 km 2 north-facing 108 catchment and extends from approximately 50 to 650 m above sea level (masl) with a 109 maximum thickness of 180 m (Björnsson et al., 1996) . The glacier's accumulation area ratio 110 is ~ 30% with a long-term average equilibrium line altitude (ELA) of ~ 400 masl (Björnsson 111 et al., 1996) . At lower elevations thin (< 0.2 m) winter superimposed ice forms on the glacier, 112 but this is rapidly ablated during summer months, although annual accumulation of 113 superimposed ice is found at elevations > 405 masl (König et al., 2002) . Measurements 114 (Hagen et al., 2003) and modelling (Rye et al., 2010) have shown the glacier has exhibited 115 predominantly negative mass balance over the last five decades and recent geodetic analyses 116 have indicated the negative mass balance trend may be accelerating, with contemporary 117 thinning rates of > 0.5 m water equivalent (w.e.) a -1 (Barrand et al., 2010; Kohler et al., 118 2007) . Characteristically for the area, seasonal snow-cover below the ELA is removed within 119 ~14 days from the onset of melt conditions (Bruland et al., 2001 respectively. Hourly meteorological data were collected from automatic weather stations 128 (AWS) positioned along ML's centre line (Figure 1, Table 1 ). 129
The Norsk Polarintitutt (NP) centre-line stakes ( Figure 1 ) were used to monitor changes 130 in the ice surface elevation (with precision of ±0.005 m) relative to a reference point (see 131 Müller and Keeler, 1969) . Concurrently, glacier surface albedo at representative locations 132 close to each mass balance stake was recorded using a Middleton hemispheric pyranometer 133 approximately 1 m to 1.2 m above the ice surface, and data errors were assumed to be 134 negligible (see van der Hage, 1992) . 135
Runoff data during the 2004 and 2005 observation periods were collected using 136 standard hydrological methods, and uncertainties in discharge (Q) data were dominantly 137 related to the forecasting procedure and were < 19% and < 16% for MLE and MLW, 138 respectively (for full details, refer to Irvine-Fynn et al., 2011a). Occasional missing data due 139 to instrumental failure, typically less than 3 hours, were estimated statistically using other 140 flow records or Q data from the adjacent Bayelva catchment, which is typically highly 141 correlated (r > 0.85) with discharge from ML . 142
Glacier surface model 143
High-resolution digital elevation models of the ML glacier surface in 2003 and 2005 were 144 derived from airborne laser scanning data (for details see Barrand et al. 2010; . Data 145 were collected with an Optech ALTM3033 scanning system and post-processed with inertial 146 navigation system and onboard and ground-based differential GPS positioning data to yield 147 raw point clouds with mean along-and across-track point spacing of 1.38 and 1.33 m, 148 respectively, and average point density of 1.15 per m 2 (Barrand, 2008) . DEMs of the glacier 149 surface were constructed using an adapted Delauney triangulation gridding algorithm. 150
Vertical elevation accuracy was +/-0.14 m based on comparison with ground-based 151 differential GPS check data over the glacier surface (Barrand et al., 2009 ). To provide further 152 model assessment opportunities, the DEM was resampled to horizontal resolutions of 2, 5, 10 153 and 20 m using bilinear interpolation. 154
Development of an Arctic temperature-index melt model (ArcTIM) 155
This section sequentially details the basis and parameterisations utilised in development 156 of the enhanced temperature-index melt model described and assessed here. 157
The model's 'ABC' basis 158
The application of TIMs is advocated on the grounds of their computational simplicity, 159 data availability and generally satisfactory performance (Hock, 2003) . In the simplest form, 160 for a given time-step a TIM defines melt (M) as a function of temperature (T): 161
in which parameter a is the degree of proportionality, or the melt factor which differs for 163 snow or ice surfaces, given as m °C -1 per time interval while the threshold temperature for 164 melt (T crit ) is, in most practical situations, taken to be the melting point of snow and ice (0°C) 165 below which melt is zero. The variable T may be given as near-surface (~ 1.5 to 2.0 m) air 166 temperature (T a ) or as the difference between T a and T crit (Martinec, 1960 been given as a function of incident radiation (e.g. Cazorzi and Dalla Fontana, 1996) The model presented by Hock (1999) , given its applicability shown on Storglaciaren, 186 has been adopted widely (e.g. between T a and incident radiation for a single site, it was found that the relationship between 225 these variables was not strong (r < 0.33) and varied across the glacier as well as in time. 226
Threshold melt temperature (T crit ) 227
The typically used assumption that T crit = 0°C (e.g. Hock, 1999 
Potential incident radiation (I) 241
The incident radiation (I) at any point within the catchment was modelled using algorithms 242 fully detailed by Iqbal (1983) the basis of a TIM is that T provides a proxy for the dominant melt energy, and consequently, 275 topographic shading and cloud cover was omitted from this model. 276
Albedo (a) 277
The TIM variant presented by Pellicciotti et al. (2005) indicated that inclusion of an 278 albedo term can improve melt calculations. Therefore, keeping to a more physical basis an 279 empirical albedo parameterisation was employed, the albedo at AWS2 (a 0 ) for the start day 280 of the model period (t 0 ) was backcast using Ordinary Least Squares (OSL) regression against 281 time in decimal days. An elevation dependency was then applied, such that albedo (a tz ) at 282 decimal time t and for elevation z is given by: 283 
Melt models 314
Here, it is perhaps useful to summarise and describe the comparative model runs used 315 to assess the formulation of ArcTIM described above. Melt simulations using the model form 316 
and in following Martinec (1960) and Kane et al. (1997) : 321
In this latter variant, T melt was evaluated by manually adjusting its value, and regressing 323 observed ablation against time-series of temperature (T z -T melt ) which when iteratively 324 adjusting T melt gave an optimised value of +0.85°C. In all these model variants, we adhered to 325 the same formulations and values for T a , T crit and I as described above, and melt below 326 threshold was defined, as before, only for where b(1-a)I + c > 0. The scale correction factor 327 (Section 3.6) was used in all instances to determine melt volume and specific melt. 328
Many published temperature-index melt models distinguish between snow and ice 329 covered surfaces which accounts for critical spatial differences in meltwater genesis (e.g. 330 Hock, 1999; Jóhannesson et al., 1995) . However, unlike these examples, here, models did not 331 account for a difference between snow and ice surface on the glacier. The reason for this was 332 threefold: first, the TIM presented by Schneeberger et al. (2003) evidenced only subtle 333 difference between melt factors (a) for ice and snow; second, snowline retreat on the shallow 334 slopes characterising the majority of ML's ice area is typically rapid; and third, because the 335 melt model which includes an elevation-defined albedo was to be tuned to ablation 336 measurements, it was assumed optimisation would account for any differences potentially 337 related to the snowline, especially at higher elevations. We recognise that this absence of 338 differentiation between snow and ice may potentially represent an important source of model 339 uncertainty. Ice topography was not evolved in time: with an estimated ceiling ablation of 340 ~1.5 m (Hodson et al., 2005) , the maximum influence of an evolving surface on temperature 341 and precipitation would be of the order of +0.03 °C and -0.3%, respectively, and therefore, 342 can be considered negligible given the magnitude of uncertainties associated with the source 343 data. higher resolution than appears in most similar modelling studies. Parameter optimisation 366 demands that the 'degree of fit' between measured data and modelled data is maximised (or 367
I, and the use of OLS multivariate regression was found to be the most effective optimisation 371 process. Cross-validation analyses, repeating the OLS multivariate regression but 372 withholding various datasets showed no bias in the determination of the parameters: the 373 absolute variation in multivariate R 2 < 2.4% was not significant at p = 0.05. 374
Potential runoff and precipitation 375
Once optimised and executed over the glacier ice area (the model domain), summation 376 of M z provided an estimate of the potential runoff volume available at each time-step. 377
Although precipitation was not considered as a significant process of ablation, liquid summer 378 precipitation adds to the total water equivalent available as runoff. In the absence of in situ 379 rain-gauge records, data collected by NP in Ny Ålesund (8 m asl) were used: hourly records 380 (P NA ) were reconstructed using the twice-daily precipitation record and field notes of rainfall 381 events. The local orography of Brøggerhalvøya creates precipitation lapse rates of 20% per 382 100 m for elevations < 300 m asl (Førland et al., 1997) above which 10% per 100 m is more 383 appropriate (Killingtveit et al., 1994) . Accordingly precipitation at elevation z (P z ) was 384 described as: 385
Solid precipitation, implicit at T a < 1.62°C, was assumed to refreeze and was accounted for 387 by adding the equivalent ice depth to the measured ablation survey data. Liquid precipitation 388 was assumed to fall on the planimetric grid cells, and therefore, when present, simply 389 multiplied by the grid cell area and added to the scale corrected meltwater volume to yield a 390 total available for runoff. The precipitation occurring on the surrounding mountain slopes 391 within the glacier basin was excluded from the model because of the characteristic talus, 392 lateral moraines and scree near the glacier margin for which the associated effects on water 393 retention, percolation or routing were unknown. 394
Application of models on Midtre Lovénbreen 395
Here, we detail and discuss the melt model output(s) with reference to the primary data 396 sets of observed ablation and meltwater runoff. 397
Ice ablation 398
The performance of the model parameterisations for 2005, comparing observed, slope-399 corrected and modelled ablation are detailed in Table 2 . A slight improvement to modelling 400 ablation was made by enhancing a simple TIM to ArcTIM, with the R 2 of ~80% matching 401 similar model performance reported elsewhere for temperature-radiation index models (e.g. 
Comparison of potential and actual runoff 426
With the parameters for ArcTIM successfully and robustly calibrated for 2005, and, 427 ignoring the spatial uncertainty inherent in the input data, the model was applied to the ML 428 catchment. The spatial distribution of ablation shown in Figure 5a is given as the modelled 429 seasonal total, derived using ArcTIM. The companion map (Figure 5b 
Evaluation of model components 464
Although the sensitivity of the respective TIMs was reported in Section 5.1, it was 465 important to assess the suitability of the scale (Section 3.1) and precipitation (Section 4. melt values were 7.57, 7.57, 7.56, and 7.60 ×10 6 m 3 ). It is thought these cumulative 478 differences are likely to be due to small differences in glacier area due to changing resolution 479 and DEM texture. 480
To explore whether uncertainty in glacier area was significant, the glacier margin was 481 (Table 3) , emphasising the contrast between the two melt seasons. 525
Discussion 526
The results from the model runs, and comparisons, enabled further inferences to be made 527 on the modelling strengths and weaknesses, more specifically for the two years considered. 528
Models for 2005 529
In considering the application of the ArcTIM for 2005, the model accounts for about 530 80% of the variance in ablation. The total ablation normalised by glacier area was 1.62 m (σ 531 = 0.16), which agrees with but is slightly higher than the ranges of specific melt suggested for 532 the glacier in preceding years . 533
Clearly, from the only minor improvements made to the Tc model performance with 534 additional variables, air temperature was the forcing meteorological variable in ablation at 535 ML, as reported for the adjacent Austre Brøggerbreen (Hodson et al., 1998) difference between the variance of W and Q (F = 1.7, p < 0.001) despite the similarity in 556 mean value. The daily under-prediction of melt was typically between 20:00 and 02:00 when 557 shadowing across the glacier was greatest, which further implies that the influence of shadow 558 was small and that there were factors involved in delaying runoff to the proglacial streams. 559
The hydrological interpretation is that meltwater flowpaths regulate runoff, dampening the 560 amplitude of the melt signal. This inference is emphasised by the difference in cumulative 561 discharge series (Figure 6c) suggesting a potential link to thermal conditions where energy is required to raise ice 573 temperatures prior to initiation of melting. Noticeably, the errors between DOY200 and 574 DOY220 also exhibit a much more marked diurnal signal than at other times. Temporal 575 variation in melt factors has been reported elsewhere (e.g. Singh and Kumar, 1996) but has 576 seldom been explored. To examine the potential for such trends at ML, we consider melt 577 factor a derived from Equation 1 assuming c ≠ 0 for T crit = 1.62°C given the similarity in its 578 value across the TIM variants (refer to Table 2) . 579
For 2005, the elevation-averaged mean value of a was 0.28 mm hr -1 °C -1 , which 580 compares well to the range of values reported from numerous locations (e.g. Hock, 2003 ; 581 Zhang et al., 2006) . However, using AWS2 as an example, a showed variation across the 582 observation periods (Figure 9 ): the increase during the middle of the ablation season then 583 decrease thereafter is analogous to the results reported by Zhang et al., (2006) . For glacier ice 584 temporal changes in a may be attributable to changes in the distribution of supraglacial dust 585 and cryoconite (Singh et al., 2000) ; in the instance of ML and other Arctic glaciers, 586 redistribution of cryoconite impacting upon surface albedo is known to occur (Hodson et al., 587 2007; Irvine- Fynn et al., 2011b) . 588
Surface ice density provides an alternative mechanism enabling variations in a: rapid 589 refreezing that occurs during the spring and very early melt season results in bubble-rich, low 590 density ice, which may form atop the dense, bubble-free superimposed ice generated at the 591 close of the ablation season and in early winter (Wadham et al., 2006) . Ice ablation is 592 therefore likely to be reduced early in the melt season, with refreezing occurring initially, 593
followed by a period demanding greater energy to melt the denser surface layer of winter-594 formed superimposed ice. Following the ablation of the dense superimposed ice layer, melt 595 rates may increase for ice which represents the previous summer surface. The lowered 596 porosity resulting from the previous year's melt processes, subsurface melting in response to 597 direct irradiance, and the formation of a weathering crust layer resulting from impurities 598 including cryoconite (e.g. Müller and Keeler, 1969 ) may accelerate ablation. 599
The presence of near-surface meltwater may also further increase melt rates and 600 influence surface ice density. Not only does meltwater decrease albedo (e.g. Zuo and 601
Oerlemans, 1996) but water in the liquid phase also requires less energy to raise its 602 temperature such that a greater surface water volume may enhance ablation and enlarge void 603 space between ice crystals. A variable water volume at the ice surface, particularly within the 604 weathering crust (e.g. Larson, 1978) , may also potentially contribute to changes in a 605 throughout the season. 606
Critically, all the ice surface processes discussed above are likely to be linked to 607 meteorological conditions, posing the question: do changes in a reflect variations in the 608 energy balance? To assess this simply, despite the underestimation of ablation, we used the 609 output from the adjusted EBM run (Section 4.1) to estimate the ratio between radiative and 610 turbulent energy fluxes for each centre-line stake for all ablation survey periods. Despite the 611 scatter, and given the uncertainties associated with both data series, comparison between the 612 ratio of energies and a showed a significant positive relationship to a (r 2 = 0.31, p < 0.05; 613 Figure 10 ). This result suggests that temporal (and spatial) variations in a may be described 614 by changes in meteorology, which in turn controls ice surface characteristics. 615
Models for 2004 616
The relative failure of ArcTIM when applied for the 2004 data sets highlighted the 617 weaknesses explored above. Table 2 
